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ABSTRACT
We investigate infrared colours and spectral energy distributions (SEDs) of 338 X-ray
selected AGN from Swift -BAT 105-month survey catalogue that have AKARI detec-
tion, in order to find a new selection criteria for Compton-thick AGN. By combining
data from Galaxy Evolution Explore (GALEX ), Sloan Digital Sky Survey (SDSS)
Data Release 14 (DR14), Two Micron All Sky Survey (2MASS), Wide-field Infrared
Survey Explorer (WISE ), AKARI and Herschel for the first time we perform ul-
traviolet (UV) to far-infrared (FIR) SED fitting 158 Swift -BAT AGN by CIGALE
and constrain the AGN model parameters of obscured and Compton-thick AGN. The
comparison of average SEDs show while the mid-IR (MIR) SEDs are similar for the
three AGN populations, optical/UV and FIR regions have differences. We measure the
dust luminosity, the pure AGN luminosity and the total infrared (IR) luminosity. We
examine the relationships between the measured infrared luminosities and the hard
X-ray luminosity in the 14-195keV band. We show that the average covering factor
of Compton-thick AGN is higher compared to the obscured and unobscured AGN.
We present a new infrared selection for Compton-thick AGN based on MIR and FIR
colours ([9µm − 22µm] > 3.0 and [22µm − 90µm] < 2.7) from WISE and AKARI. We
find two known Compton-thick AGN that are not included in the Swift -BAT sample,
and conclude that MIR colours covering 9.7µm silicate absorption and MIR continuum
can be a promising new tool to identify Compton-thick AGN.
Key words: galaxies: active – quasars:general –infrared: galaxies
1 INTRODUCTION
Active galactic nuclei (AGN) are the mass accreting su-
permassive black holes residing at the centres of nearly all
massive galaxies. Recent studies show that AGN that are
obscured by gas and dust may make up a non-negligible
fraction of the AGN population (e.g., Hickox et al. 2007;
Treister et al. 2010; Assef et al. 2013, 2015; Mateos et al.
2017). Obscured AGN are important to understand the full
growing black hole population and the influence of black
holes on the host galaxy (e.g., Hopkins et al. 2008). These
sources are important to understand the accretion history of
super massive black holes via the cosmic X-ray background
radiation (e.g., Ueda et al. 2014). It is still unknown how
much obscured AGN are there in the Universe. The num-
ber of low luminosity or obscured AGN is critical for our
understanding of galaxies (e.g., Hickox & Alexander 2018).
⋆ E-mail: ecekilerci@phys.nthu.edu.tw (EKE)
Therefore, it is important to find new techniques to identify
obscured AGN.
The structure of an AGN mainly composed of
a central super massive black hole, an accretion
disc (Shakura & Sunyaev 1973) and a corona (e.g.,
Czerny & Elvis 1987; Zheng et al. 1997; Telfer et al. 2002;
Done et al. 2012; Jin et al. 2012; Mehdipour et al. 2011,
2015). The accretion disc and the corona in its immediate
vicinity produce the primary optical-UV and X-ray con-
tinuum emission (e.g., Sanders et al. 1989; Marconi et al.
2004; Suganuma et al. 2006). This central engine is embe-
ded within the IR emitting dusty structure the so called
torus (e.g., Antonucci 1993; Lawrence 1991; Simpson 2005;
Ho¨nig & Beckert 2007; Garc´ıa-Burillo et al. 2016). AGN
that can be identified by their blue continuum and broad
and/or narrow emission lines in the optical are often
referred as ‘Type 1’ (e.g., Antonucci 1993). Once the AGN
signatures can not be detected in the optical spectrum, then
its refereed as a ‘Type 2’ or obscured AGN (e.g., Antonucci
© 2020 The Authors
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1993). Obscured AGN may show narrow line emission or
no emission at all depending on the degree of obscuration
which is dictated by the geometrical structure of the dusty
torus or the strength of the host galaxy emission (e.g.,
Hickox & Alexander 2018). Since they are mostly absorbed
in the optical and soft X-rays, obscured AGN can mostly be
identified in hard X-rays (e.g., Brandt & Alexander 2015)
and infrared (IR) (e.g., Stern et al. 2005; Mateos et al.
2012; Assef et al. 2013; Hickox et al. 2017). In terms of
the measured Hydrogen column density (NH) from the
X-ray spectra AGN can be classified as: (i) unobscured (log
NH ≤ 22.0); (ii) obscured (22.0 < log NH ≤ 24.0), and (iii)
Compton-thick (CT) (log NH ≥ 24.0).
In the mid-IR AGN have characteristic emission, that
is produced by the circumnuclear dust heated by the
optical/UV/X-ray radiation from the central engine. There-
fore it is a common practice to use IR emission to separate
AGN from starburst/normal galaxies (e.g., Stern et al. 2012;
Mateos et al. 2013; Lansbury et al. 2014; Huang et al. 2017;
Ichikawa et al. 2019). The mid-IR dust emission of an AGN
is in the form of power-law with different slopes for Type
1 and Type 2 (Alonso-Herrero et al. 2006; Donley et al.
2007, 2008). IR power-law selection has been used to se-
lect AGN with WISE colours ([3.4µm-4.6µm] versus [4.6µm-
12µm]) for AGN at low redshift (z ≤0.5) (Mateos et al.
2012, 2013). Spitzer IRAC flux ratios ([8µm-4.5µm] versus
[5.8µm- 3.6µm]) have been used as a reliable method to
select AGN at higher redshift (z ∼ 1, 2) (Lacy et al. 2004;
Stern et al. 2005; Donley et al. 2008, 2012). Many AGN
selection criteria have been shown and applied in other
studies (Jarrett et al. 2013; Stern et al. 2012; Assef et al.
2013). Millions of AGN have been selected from All-
WISE using the criteria of Mateos et al. (2012). The com-
pleteness of IR colour AGN selection is highly complete
for luminous Type 1 AGN and moderately complete for
Type 2 AGN (Mateos et al. 2012; Lansbury et al. 2017).
It has been showed that (Mateos et al. 2013; Rovilos et al.
2014) obscured AGN and CT AGN candidates meet the
MIR-selection criteria of Stern et al. (2012); Mateos et al.
(2013); Lansbury et al. (2014). These colours mainly iden-
tify obscured AGN; however this colour selection has been
combined with NH classification only in a few studies
(Mateos et al. 2013; Rovilos et al. 2014). In this work we
focus on selecting obscured AGN with a new IR colour cri-
teria.
Since MIR and the X-rays radiation originate from
the AGN the two radiation is expected to be correlated.
The relation between the mid-IR and X-ray emission has
been an important tool to gain information about the
AGN physics (e.g., Krabbe et al. 2001; Lutz et al. 2004;
Ramos Almeida et al. 2007; Horst et al. 2008; Fiore et al.
2009; Gandhi et al. 2009; Fiore et al. 2009; Levenson et al.
2009; Asmus et al. 2011; Mason et al. 2012; Sazonov et al.
2012; Matsuta et al. 2012; Ichikawa et al. 2012; Asmus et al.
2015; Mateos et al. 2015; Garc´ıa-Bernete et al. 2016;
Ichikawa et al. 2017; Chen et al. 2017; Ichikawa et al. 2019).
The mid-IR and X-ray relation initially established for the
2-10 keV X-ray band, due to the technical limitations of the
former X-ray telescopes. Once the hard X-ray telescopes like
Swift and INTEGRAL become available the mid-IR and
X-ray relation extended to the 14-195 keV ultra-hard X-ray
regime (e.g., Mullaney et al. 2011; Matsuta et al. 2012;
Ichikawa et al. 2012; Sazonov et al. 2012; Asmus et al. 2015;
Ichikawa et al. 2017). Ichikawa et al. (2012) investigated
the MIR and FIR properties of the AGN in the Swift/BAT
nine-month catalog (Tueller et al. 2008) and find a good
correlation between the MIR and X-ray luminosities.
Ichikawa et al. (2017) and Ichikawa et al. (2019) studied
the IR properties of the AGN in 70-month Swift/BAT
sample in a great detail. Ichikawa et al. (2019) analysed
IR SEDs and estimated AGN contribution to the 12µm,
MIR, and total IR luminosities. They show a significant
luminosity correlation between the MIR and 14-150 keV
bands. Although IR colours and properties of the hard
X-ray selected AGN in the previous Swift-BAT samples
have been extensively studied, these literature studies
Ichikawa et al. (2012, 2017, 2019) have not investigated a
possible Compton-thick AGN selection based on the MIR
and FIR colours which is the main goal of this study.
In this work, we combine the IR colours with the mea-
sured NH of the X-ray selected AGN and present a new
Compton-thick AGN selection criteria that allowed us to se-
lect Compton-thick AGN candidates from the AKARI all-
sky survey catalogue. We also aim to constrain the AGN
model parameters of obscured and CT AGN, within the lim-
itations imposed by the model assumptions in CIGALE, the
available broadband photometry, and the fitting procedure.
The structure of this paper is as follows. In sections 2 and 3
we present the sample selection and data, respectively. We
describe sed analysis of obscured and CT AGN in our sam-
ple in section 4. We compare average SEDs of unobscured,
obscured and CT AGN in §5.1. In section 5.2 we present
the correlations between the hard X-ray luminosity and the
pure AGN luminosity in the IR band and dust luminosity.
We show the NH dependence of IR colours in section 5.3.
In section 5.4 we present a new IR colour selection crite-
ria for CT AGN. We summarise our conclusions in §6. We
adopt a cosmology with H0 = 72 kms
−1Mpc−1, ΩΛ = 0.7 and
Ωm = 0.3 and use the base 10 logarithm.
2 SAMPLE SELECTION
The Swift observatory (Gehrels et al. 2004) scans the whole
sky at 14−195 keV with the wide-field Burst Alert Tele-
scope (BAT; Barthelmy et al. 2005). With its continuous
all-sky survey, Swift-BAT identified several hard-X-ray se-
lected AGN in the local Universe (e.g., Tueller et al. 2008;
Baumgartner et al. 2013; Ricci et al. 2017a; Oh et al. 2018).
The most recent data release of Swift-BAT (105-month,
Oh et al. 2018) includes 947 hard X-ray selected non-
beamed AGN. To investigate the mid-IR and far-IR colours
of the hard X-ray selected obscured and CT AGN we select
the 947 non-beamed AGN from Swift-BAT 105-month sur-
vey catalogue (Oh et al. 2018). We cross-match these hard
X-ray selected AGN based on their optical counter part co-
ordinates with AKARI /FIS all-sky survey bright source cat-
alogue version 21 (Yamamura et al. 2018) within a radius of
20 arcsec. We find AKARI 90 µm detection for 378 AGN.
90 µm detection is near the peak of the far-IR dust emis-
sion near 100 µm, and especially the 140 µm and 160 µm
1 http://www.ir.isas.jaxa.jp/AKARI/Archive/Catalogues/FISBSCv2/
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3bands are crucial to constrain the dust emission peak and
measure better IR luminosity. Among these AGN only 332
have detected in three AKARI bands at 90 µm, 140 µm, and
160 µm. However, for our analysis when we require to use
high quality AKARI data with fqual = 3 only 51 of these
332 AGN have high quality data in three AKARI bands.
Therefore we use additional far-IR data when available as
described in section 3.
Swift/BAT Spectroscopic Survey (BASS; Koss et al.
2017) DR1 release provides multiwavelength data of
836 local AGN from the Swift-BAT 70-month catalogue
(Baumgartner et al. 2013). The broad-band X-ray (between
0.3−150 keV range) spectral analysis of the BASS AGN
sample is completed by Ricci et al. (2017a). They combine
Swift-XRT, XMM -Newton, ASCA, Chandra, and Suzaku
observations for the soft X-ray (0.3−10 keV) spectral analy-
sis. They fit the AGN continuum with a simple power-law
model with Galactic absorption and use different models
(see their table 2) when necessary to improve the fit. In
order to measure the column density along the line-of-sight
Ricci et al. (2017a) take into account both photoelectric and
Compton scattering with zphabs and cabs models, respec-
tively. BASS includes 311 of the AGN in our AKARI AGN
sample, therefore for these sources we adopt the NH val-
ues from BASS; except ESO244-IG030 and ESO317-G041
for which we adopt the revised NH measurements from
Marchesi et al. (2019). For 19 AGN in our AKARI AGN
sample we take the published NH values from the literature
(Maiolino et al. 1998; Fukazawa et al. 2001; Pappa et al.
2002; Zhang et al. 2006; Shu et al. 2007; Malizia et al. 2007,
2008, 2011, 2012; Pian et al. 2010; de Rosa et al. 2012;
Matt et al. 2012; Balokovic´ et al. 2014; Gandhi et al. 2015,
2017; Koss et al. 2016; Giustini et al. 2017; She et al. 2017;
Iwasawa et al. 2018; Marchesi et al. 2019), based on the soft
X-ray spectral analysis. We take X-ray data of 8 sources from
public archives and perform the X-ray data analysis as de-
scribed in Appendix A. In total 338 AGN in our sample have
NH measurements.
We focus our study on the hard X-ray selected AKARI -
BAT AGN sample that includes 338 sources with measured
NH values. A flow-chart describing the selection criteria of
our final AKARI -BAT AGN sample is displayed in Fig. 1.
We list several source properties in Table 1. Based on the
listed NH values in Table 1 our sample includes 133 unob-
scured, 153 obscured and 52 CT AGN. The redshift distribu-
tion of our sample of 338 AGN with reliable spectroscopic
redshift measurements is shown in Figure 2. The median
redshift of our sample is 0.02.
Figure 1. Flow-chart with all applied selection criteria for our
AKARI -BAT AGN sample.
0.0 0.1 0.2 0.3
Redshift (z)
0
20
40
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Figure 2. Redshift distribution of 338 hard X-ray selected
AKARI AGN sample. The median redshift of our sample is 0.023.
The median redshifts (shown by the plus signs) of the unob-
scured, obscured and the CT AGN are 0.025, 0.023 and 0.014,
respectively. For visual inspection the distribution is shown up to
z = 0.33, there are only two sources beyond this limit at z = 0.51
and z = 0.60.
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Table 1. Hard X-ray selected AKARI AGN sample. The full table is available in the electronic version of the article. Columns: (1) Swift ID from Swift-BAT 105-month survey catalogue.
(2) AKARI ID from the AKARI/FIS all-sky survey bright source catalogue version 2. (3) and (4) Optical counterpart coordinates from Swift-BAT 105-month survey catalogue. (5)
Redshift of the optical counterpart from Swift-BAT 105-month survey catalogue. (6) Base 10 logarithm of the intrinsic Hydrogen column density in units of cm−2. (7) X-ray spectral
analysis reference for the adopted log(NH) measurement. (8) Base 10 logarithm of the pure AGN luminosity in the IR band measured from the SED fitting by CIGALE. (9) The fractional
AGN emission contribution to the total IR luminosity. (10) The 14−195 keV luminosity adopted from Swift-BAT 105-month survey catalogue. (11) WISE 22 µm (W4) magnitude. (12)
− (15) The AKARI 9, 18, 65, 90 µm magnitudes from the AKARI/FIS all-sky survey bright source catalogue version 2. and AKARI/IRC all-sky survey point source catalogue version
1.
Swift AKARI RA Dec z log(NH) X-ray log(L(IR)AGN f racAGN log(L14−195 F(22) F(9) F(18) F(65) F(90)
source source (J2000.0) (J2000.0) Ref. / erg s−) / erg s−) µm) µm) µm) µm) µm)
name name (deg) (deg) (AB) (AB) (AB) (AB) (AB)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
J0002.5+0323 0002261+032111 0.6103 3.3519 0.0255 20.00.0
0.0
Bass Survey · · · · · · 43.20 11.39 ± 0.03 · · · · · · 8.91 ± 0.27 9.08 ±0.06
J0006.2+2012 0006196+201211 1.5813 20.2029 0.0258 20.5 0.0
0.2
Bass Survey 44.66 0.6 43.38 10.19 ± 0.02 11.13 ± 0.03 10.53 ± 0.20 9.35 ±0.34 10.17 ± 0.17
J0038.4+2337 0038319+233652 9.6339 23.6133 0.0249 23.00.1
0.1
Bass Survey · · · · · · 43.26 12.10 ± 0.04 · · · · · · 11.37 ± 1.18 10.04 ± 0.14
J0042.9-2332 0042531-233224 10.7200 -23.5410 0.0222 23.50.1
0.1
Bass Survey 43.72 0.3 43.77 9.95 ± 0.02 · · · 10.23 ± 0.11 8.08 ± 0.21 8.75 ± 0.07
J0042.9+3016A 0043022+301721 10.7578 30.2888 0.0520 22.3 0.1
0.2
Bass Survey · · · · · · 43.60 11.32 ± 0.03 · · · · · · 10.82 ± 0.95 10.00 ± 0.14
J0051.6+2928 0051348+292408 12.8959 29.4013 0.0360 20.0 0.0
0.0
Bass Survey 44.24 0.1 43.49 11.41 ± 0.03 · · · · · · 10.03 ± 0.61 8.74 ±0.05
J0105.5-4213 0105260-421256 16.3617 -42.2162 0.0302 24.2 0.1
0.2
Bass Survey · · · · · · 43.48 10.94 ± 0.02 · · · 11.39 ± 0.26 9.42 ± 0.40 10.17 ± 0.15
M
N
R
A
S
0
0
0
,
1
–
1
8
(2
0
2
0
)
53 DATA
To gain insight into the nature of our hard X-ray selected
AKARI -BAT AGN sample by investigating their spectral
energy distributions (§4) and colours (§5.3 and §5.4) we col-
lect archival photometry from UV to far-IR.
Galaxy Evolution Explorer (GALEX Martin et al.
2005) performed a comprehensive sky survey at near-UV
(NUV) and far-UV (FUV) bands at λeff = 2267A˚ and
λeff = 1516A˚, respectively. The revised catalog of GALEX
ultraviolet sources (Bianchi et al. 2017) lists revised photo-
metric measurements and eliminates any duplicate entries.
We cross match optical counterpart positions of AGN in
our sample with the revised catalog of GALEX ultravio-
let sources within a separation threshold of 5 arcsec and
find 205 UV counterparts. Since Bianchi et al. (2017) only
include sources from All-Sky Imaging Survey (AIS) obser-
vations with both FUV and NUV detectors exposed, their
catalogue do not include sources exposed only with a single
FUV or NUV detector. To include such sources in our UV
counterpart sample, the remaining 173 sources were cross
matched (using a search radius of 5 arcsec) with GALEX
source catalogue (Martin et al. 2005) Data Release 6 (DR6)
from MAST Portal2. After dropping matches with mea-
surements with dichroic reflections ( nuv artifact = 4 )
and keeping only the single photometric measurement with
the longest duration for multiple observations of the same
source, we find 56 more GALEX counterparts. In total we
find 261 GALEX counterparts. We correct the UV photo-
metric measurements for Galactic foreground extinction us-
ing the listed EB−V values (based on the extinction maps of
Schlegel et al. 1998) in the GALEX catalogues.
For the optical counterparts we extract the Galactic ex-
tinction corrected u-, g-, r-, i-, z-band magnitudes from the
Sloan Digital Sky Survey (SDSS; York et al. 2000) Data Re-
lease 14 (Abolfathi et al. 2018) PhotoObjAll catalog 3. We
find only 146 sources in the SDSS DR 14 footprint. How-
ever 67 galaxies whose photometric flags include clean =
0 are not reliable and therefore not included in our analy-
sis. We visually inspected images of the remaining galax-
ies and discarded any suspicious photometry of: (i) very
large (nearby) galaxies whose automated deblending is un-
reliable; (ii) too bright galaxies close to the r-band satu-
ration magnitude limit at r = 14.5 (Strauss et al. 2002);
(iii) galaxies with contaminated by superposed stars. We
use near-infrared Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006) J-, H-, Ks-band magnitudes from
the Two Micron All Sky Survey Extended Source Cata-
log (2MASS XSC; Jarrett et al. 2000) and 2MASS Point
Source Catalog (Cutri et al. 2003). For the 332 sources in
the 2MASS XSC we use the ‘20mag/sq.’ isophotal fiducial
elliptical aperture magnitudes. For the 17 sources in the
2MASS Point Source Catalog we use default magnitudes.
We check photometry artifact contamination and/or con-
fusion flag (cc flag) and use only realiable measurements.
2MASS magnitudes were corrected for Galactic extinction
based on the Schlegel et al. (1998) maps and the extinction
law of Cardelli et al. (1989).
2 http://mast.stsci.edu
3 https://skyserver.sdss.org/dr14/
In order to include AKARI and WISE mid-IR pho-
tometry at 3.4, 4.6, 9, 12, 18 and 22 µm, we cross-match
AKARI /FIS coordinates of our hard X-ray selected AKARI
AGN sample with the AKARI /IRC all-sky survey point
source catalogue version 14 and the AllWISE source cata-
logue5 (Cutri et al. 2013) using a search radius of 20 arcsec.
Herschel Space Observatory (Herschel ; Pilbratt et al.
2010) mapped about a small fraction of the sky in far-
infrared and sub-millimeter bands centred at 70, 100,
160, 250, 350 and 500 µm with the Photodetector Ar-
ray Camera and Spectrometer (PACS; Poglitsch et al.
2010) and Spectral and Photometric Receiver (SPIRE;
Griffin et al. 2010) instruments. Mele´ndez et al. (2014) and
Shimizu et al. (2016) present Herschel PACS and SPIRE
photometric measurements for 313 AGN from the 58 month
Swift/BAT catalog (Baumgartner et al. 2013), respectively.
By matching the optical counterpart names with Her-
schel -BAT AGN sample of Mele´ndez et al. (2014) and
Shimizu et al. (2016) we find Herschel PACS photometry
for 155 and SPIRE photometry for 187 AGN in our sample.
When photometric fluxes from AKARI,WISE and Her-
schel are combined for the SED analysis (§4) the spatial
resolution differences among each band may cause nuclear
and host galaxy IR emission measurement discrepancies (e.g.
Clements et al. 2019). The beam size for the AKARI /FIS is
(beam FWHM is ∼ 30−50 arcsec, Doi et al. 2015) larger than
that of Herschel/PACS (beam FWHM is ∼ 6 − 11 arcsec,
Poglitsch et al. 2010). As shown by Clements et al. (2019)
when AKARI FIR fluxes are compared to IRAS fluxes,
the ∼ 10 times better angular resolution of AKARI causes
missing FIR emission for extended sources. Clements et al.
(2019) derive beam corrections that should be applied to
AKARI /FIS all-sky survey bright source catalogue version
2 fluxes at 65µm and 90 µm. These corrections depend on
the extendedness parameter measured as the J band mag-
nitude difference between the 2MASS point source cata-
logue and 2MASSX extended source catalogue. We apply
this beam correction (see equation 2 of Clements et al. 2019)
to the 65µm and 90µm AKARI /FIS fluxes in our sam-
ple. The applied beam correction results an average of 4%
and 20% additional flux at 65µm and 90µm, respectively.
Clements et al. (2019) also find that no beam corrections
are needed for the moderately extended sources at 140µm
and 160µm bands.
As reported by Mushotzky et al. (2014) bulk of BAT
sources are point like with a compact host galaxy with Her-
schel spatial resolution. The comparison of aperture cor-
rection applied (as described in the above) AKARI /FIS
65µm (SAKARI
65
) and Herschel/PACS 70µm (SPACS
70
) fluxes
for 61 sources in our sample show a a good agreement (Fig.
3), the median difference between the two fluxes is 18 per
cent with respect to SAKARI
65
. A typical difference of 18
per cent between the two fluxes is added in the quadra-
ture to the flux uncertainties of the SAKARI
65
fluxes. Since
both SPACS
70
and SAKARI
65
fluxes agree, we use both as in-
dependent photometric measurements in our SED analysis.
30 sources in our sample have both high quality AKARI
4 http://www.ir.isas.jaxa.jp/AKARI/Observation/PSC/Public/RN/AKARI-
IRC PSC V1 RN.pdf
5 http://wise2.ipac.caltech.edu/docs/release/allwise/
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Figure 3. Comparison between the PACS and AKARI fluxes at 70 µm−65 µm (a) and 160 µm−160 µm (b). The dashed lines represent
y = x.
and PACs fluxes at 160 µm band. As shown in Fig. 3, the
median percentage difference between AKARI and PACS
160 µm fluxes is 32% with respect to the AKARI fluxes.
As reported by Mushotzky et al. (2014) the FIR radiation
of the most BAT sources are point-like at the spatial reso-
lution of Herschel. Additionally, Mele´ndez et al. (2014) and
Shimizu et al. (2016) present PACs measurements for an ap-
propriate aperture for each source, therefore we prefer to use
PACs 160 µm fluxes for these 30 AGN. IfHerschel/PACs 160
µm band photometry is not available we use AKARI/FIS
160 µm flux measurements for the rest of our sample. Since
both AKARI /FIS 140 µm and 160 µm bands are similar,
to be conservative we add a 32% flux uncertainty in the
quadrature to the photometric uncertainties of the 140 µm
and 160 µm fluxes.
The 9 arcsec beam size of AKARI /IRC is
(Ishihara et al. 2010) similar to the beam size of WISE that
is between 6 arcsec and 12 arcsec (Wright et al. 2010). We
only use WISE measurements with zero cc f lags values
(cc f lags =′ 0000′) to avoid contaminated measurements
(i.e., by diffraction spikes, bright sources). For extended
WISE sources (with ext f lg > 0) we use elliptical aper-
ture magnitudes (‘wngmag’, n is the band number). For
AKARI /IRC photometry we only include measurements
with high quality (FQU AL(9 µm) = 3, FQU AL(18 µm) = 3).
AKARI /IRC 9 µm, 18 µm and WISE 12 µm, 22 µm bands
have close but slightly different central wavelengths. In
our sample 112 sources have both AKARI /IRC 9 µm and
WISE 12 µm fluxes. Additionally, 139 sources have both
AKARI /IRC 18 µm and WISE 22 µm measurements. For
these sources, the comparison of AKARI /IRC and WISE
fluxes agree (the mean percentage difference ∼20%) without
any systematic differences. Therefore, we do not apply any
aperture correction at these bands and use each photometric
measurement separately in our SED analysis. However, to
be conservative we add the typical flux difference of ∼20%
in the quadrature to the photometric uncertainties of the
9 µm, 12 µm, 18 µm and 22 µm fluxes.
4 INFRARED SPECTRAL ENERGY
DISTRIBUTIONS OF UNOBSCURED
OBSCURED AND COMPTON-THICK AGN
We perform SED fitting based on the collected photometric
data by using the Code for Investigating Galaxy Emission
(CIGALE; Noll et al. 2009; Serra et al. 2011; Boquien et al.
2019) version 2018.0. CIGALE6 is a modern galaxy SED
modelling code that applies energy conservation principle
between the near-infrared/optical/ultraviolet emission that
is absorbed by dust and the re-emitted mid-infrared and
far-infrared emission. CIGALE models host galaxy emission
and AGN component separately. CIGALE combines several
built models based on the given input parameters for stel-
lar, dust and AGN components. As a result it generates the
probability distribution function of the model parameters.
The mean value of the probability distribution function is
the output value of a parameter. The standard deviation
measured from the probability distribution function is the
associated error of the parameter.
Stellar component models include the stellar popula-
tion, Initial Mass function (IMF) and star formation history.
Here we adopt the stellar population models of Maraston
(2005) with Salpeter IMF (Salpeter 1955) and a double ex-
ponential star formation history. For the dust component we
use the dust models of Draine et al. (2014) and for the dust
attenuation we use modified Charlot & Fall (2000) attenu-
ation law. We model the AGN component with the mod-
els from Fritz et al. (2006). These AGN models are com-
posed of the isotropic central source emission in the form
of power laws between 0.001−20µm and the dust emission
of the toroidal obscurer. In these models the central AGN
emission can be partly absorbed by the dust and re-emitted
at 1-1000µm or scattered by the dust. In Table 2 we list
the adopted parameters used for the SED fitting. Table 2
includes 17 parameters, but we note that some of the pa-
rameters and data are correlated and interconnected. As a
result, the number of degrees of freedom is not 17. CIGALE
6 http://cigale.lam.fr/.
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ery single model. So the Bayesian method used in CIGALE
do not estimate each parameter separately but measure the
likelihood of each model (built from a set of parameters) to
match the dataset. And from these likelihoods, the probabil-
ity are evaluated and the probability distribution functions
are built.
In CIGALE the quality of the parameter estimation pro-
cess depends on the provided data points at different regions
over the SED. For example, CIGALE uses UV-optical and
near-infrared data to model stellar component. Additionally
mid-infrared and far-infrared data are needed to model the
dust component. To estimate reliable luminosities from the
SED fitting, we require to have at least one detection at each
UV-optical, near-infrared, mid-infrared and far-infrared re-
gions. For the far-infrared part, to accurately constrain the
dust SED we require to have at least one detection at shorter
wavelengths than the peak of the dust SED near 100µm and
at least one detection at longer wavelengths. Table 3 list the
broad-band filters included in our SEDs, the detection rate
of our sample of 338 AGN at each band and the number
of sources detected at different wavelength regions of the
SED. The data requirement for the SEDs ensures all of the
SEDs to have at least 5 data points. As a result of the ap-
plied wavelength coverage criteria we perform SED fitting
analysis for 158 AGN in our sample. Among those 68 are
unobscured, 65 are obscured and 25 are CT AGN.
Fritz et al. (2006) model the AGN emission by consid-
ering the radiative transfer model of three main emission
components. These are: (i) the central illuminating source;
(ii) the scattered emission by dust in the torus; (iii) the ther-
mal dust emission from the torus. These models depend on
seven parameters. The size of the torus, r is defined by ratio
of the maximum outer radius to minimum innermost radius
of the dust torus. According to the model, r ratio can have
the values of 10, 30, 60, 100 and 150. The main dust com-
ponents are silicate and graphite grains. Silicate grains are
responsible for the absorption feature at 9.7 µm, and τ is
the optical depth at 9.7 µm. In these models τ can be 0.1,
0.3, 0.6, 1.0, 2.0, 3.0, 6.0 and 10.0. The dust density distri-
bution is determined by rβe−γ |cosθ | . Here, the β parameter
is related to the radial dust distribution in the torus and can
have the values of -1.00, -0.75, -0.50, -0.25 and 0.00. The γ
parameter is related to the angular dust distribution in the
torus and may have the values of 0.0, 2.0, 4.0 and 6.0. θ is
the opening angle of the torus, it can have the values of 60◦,
100◦ or 140◦. The angle between equatorial axis and line of
sight, ψ, can have values between 0.001 and 89.990 in steps
of 10 degrees. ψ = 90◦ for Type 1 AGN and ψ = 0◦ for Type
2 AGN.
In this work, our main interest is to constrain the pa-
rameters of the AGN component and measure the AGN
and dust luminosities. We obtain statistically good fits
(χ2
reduced
≤ 5.0) for most sources except four unobscured
AGN (M81, NGC4579, NGC4235, NGC5273). We show ex-
amples of SED fitting for one CT and one obscured AGN
with good photometric coverage from UV to FIR including
optical and near-IR bands, in Figure 4.
We obtain several physical quantities as a result of the
SED analysis by CIAGLE. These are: (i) the host galaxy
dust luminosity, Ldust, is measured from the best-fitted dust
emission model (the red component in Fig. 4) from the mod-
els of Draine et al. (2014); (ii) the pure AGN luminosity in
the IR band, L(IR)AGN based on the Fritz et al. (2006) AGN
model (the green component in Fig. 4); L(IR)AGN is the sum
of three AGN luminosity components (the direct emission
from the central engine, the thermal emission from torus
and the scattered emission from the torus); (iii) the total IR
luminosity L(IR)TOTAL can be measured as the sum of Ldust
and L(IR)AGN. The physical origin of Ldust is the host galaxy
dust grains heated by the interstellar radiation (Draine et al.
2014).
Based on the analysis of the 68 unobscured, 65 obscured
and 25 CT AGN SEDs we find that the fractional AGN
emission contribution to the total IR luminosity ( f racAGN)
is between 10 and 80%. Based on the f racAGN values listed
in Table 1 we identify 7 unobscured, 2 obscured and 18 CT
AGN with high ( ≥ 40%) AGN contribution to the total
infrared luminosity. These sources represent IR SEDs with
strong AGN luminosity and weak star formation activity
from the host galaxy. We have also checked if there is a cor-
relation between the f racAGN value and the NH. We find
that while unobscured and obscured AGN have a similar
f racAGN distribution between 10 and 60%, CT AGN have
higher f racAGN values within the 10 and 80% range. Unob-
scured and obscured AGN do not show a correlation between
f racAGN and NH. On the other hand, CT-AGN tend to have
higher f racAGN.
As a result of the SED analysis of 68 unobscured, 65 ob-
scured and 25 CT AGN we find that while unobscured AGN
can have ψ values between 30.10◦ and 89.990◦, all obscured
and CT AGN have ψ values of 0.001◦or 20.0◦ as expected.
Our analysis confirm that the angle between equatorial axis
and line of sight an important parameter to separate ob-
scured and unobscured AGN based on the SED fitting using
this model. We find that CT and obscured AGN have θ val-
ues of 140◦ (52 per cent), 100◦ (32 per cent) or 60◦ (15 per
cent). Unobscured AGN can have θ values of 140◦ (53 per
cent), 100◦ (32 per cent) or 60◦ (14 per cent). We find that
unobscured, obscured and CT AGN mostly have β = −0.5
or β = −1.00. Unobscured, obscured and CT AGN mostly
have γ = 4.0 and γ = 6.0. Models with r ratio equal to 150
are favoured for unobscured, obscured and CT AGN. Mod-
els with τ equal to 10.0 provide good fits for the most of the
unobscured, obscured and CT AGN.
Our SED analysis with CIGALE shows that obscured
and CT AGN can be identified based on the parameters of
the Fritz et al. (2006) model, the most critical parameters
are the angle between equatorial axis and line of sight ψ,
angular opening angle of the torus, θ . Once the best fitted
SED given by CIGALE has ψ = 0.001◦ or ψ = 10.0◦, and θ =
140◦, then it is very likely that the source is an obscured/CT
AGN.
5 RESULTS AND DISCUSSION
5.1 Average SEDs of Unobscured Obscured and
Compton-thick AGN
As a result of our SED analysis across the UV to far-IR wave-
length region, we make average SEDs of unobscured, ob-
scured and CT AGN.We build the mean best-fitted SEDs by
CIGALE as follows: (i) the fluxes densities at each frequency
MNRAS 000, 1–18 (2020)
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Figure 4. Examples of best-fitting models of one CT (left) and one obscured (right) AGN obtained with CIGALE. These SEDs are
representative of SEDs with full photometric coverage data from UV to FIR. Blue squares are the measured flux densities (from GALEX,
SDSS, 2MASS, WISE, AKARI and Herschel) of the AGN. Filled circles (red) are best-fitting model fluxes. The black solid lines are the
best fits given by CIGALE. The dashed blue lines, the solid red lines and the solid green lines show the unattenuated stellar emission,
the dust emission and the total AGN emission, respectively.
Table 2. Parameters used in the SED fitting by CIGALE.
Parameter Value
SFH
Main stellar age 200,300,400,500,600,700,800,900,1000, 2000,2600,2900,3000,3500,4000,5000,10000
burst age 1,2,6,10, 20,30,40,50,80,90,100,150,200,380,400,450,600,900,950,1400
τmain 20,100,200,500,1000,1200,1300,3000,6000,7000
τbur st 1,5,10, 50
Dust emission
qPAH 0.47, 1.12, 1.77, 2.50
Umin 0.170, 0.200, 0.250, 0.350, 0.500, 0.600, 0.700,1.000, 1.200, 1.500, 1.700, 2.000, 2.500, 3.000,
3.500, 4.000, 5.000, 6.000, 7.000, 8.000, 10.00, 12.00
α 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.6, 2.7, 2.8, 2.9, 3.0
γ 0.02, 0.1, 0.2, 0.3, 0.4
Dust attenuation
slope ISM -0.7,-0.5,-0.3,-0.1
slope birth clouds -1.3, -0.7
AGN
Rmax/Rmin 10, 30, 60, 100, 150
τ 0.1, 0.3, 0.6, 1.0, 2.0, 3.0, 6.0, 10.0.
β -1.00, -0.75, -0.50, -0.25, 0.00
γ 0.0, 2.0, 4.0, 6.0
θ 60, 100, 140
ψ 0.001, 10.100
f racAGN 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7
are converted to luminosity; (ii) we calculate the mean SED
at each log ν grid point (∆ log ν = 0.0007), we normalise each
SED at 1µm. Fig. 5 shows the mean SEDs of unobscured,
obscured and CT AGN in panels (a), (b) and (c), respec-
tively. Panel (d) shows the mean SEDs of each population
together. As seen in panel (d) in the optical-UV region, un-
obscured AGN have strong contribution compared to the ob-
scured/CT AGN. This is consistent with the adopted AGN
model of Fritz et al. (2006) since the emission from the inner
the torus is completely absorbed due to the optically thick
torus. Therefore, the mean SEDs of the obscured/CT AGN
dominated by the stellar population emission in the optical-
MNRAS 000, 1–18 (2020)
9Table 3. Photometric filters used in the SEDs and the detection rate out of 338 AGN in our sample at each band. Columns: (1)
Telescope/survey name. (2) Filter name. (3) Efficient wavelength of the filter. (4) Number of detections of the 338 AGN in our sample
at each band. (5) Number of sources that has at least one detection at each region: region A is UV-optical (covers FUV, NUV,u,g,r,i,z
bands), B is NIR (covers J, H,Ks bands), C is MIR (covers w1,w2,w3,w4,S9W,L18W bands) and D is FIR (covers N60,WIDE-S,WIDE-
L,N160,PACS blue,PACS red bands ). Each region is separated by the horizontal lines.
Telescope/ Filter λeff(µm) Detection Number of sources
Survey rate at at least one detection
each band in each region
GALEX FUV 0.15 173
NUV 0.23 222
SDSS u 0.36 75
g 0.46 75 A= 244
r 0.61 75
i 0.74 75
z 0.89 75
2MASS J 1.24 335
H 1.66 335 B=335
Ks 2.16 335
WISE w1 2.25 256
w2 4.60 256
w3 11.56 255
w4 22.09 255 C=305
AKARI S9W 9 149
L18W 18 186
AKARI N60 65 92
WIDE-S 90 333
WIDE-L 140 120
N160 160 23 D=338
Herschel PACS blue 68.927 155
PACS red 153.95 155
Herschel PSW 242.82 187
PMW 340.89 187
PLW 482.25 187
UV region. Near rest frame 10µm the mean AGN continuum
is slightly stronger for unobscured AGN compared to the
that of obscured/CT AGN. This can be understood as a re-
sult of the relatively stronger silicate absorption feature seen
in the obscured/CT AGN. The mean SEDs are very similar
in between the 1 - 20µm mid-IR range. The obtained mean
SED properties of obscured, unobscured and CT AGN in
the optical to mid-IR range agree with previously obtained
composite SEDs of Type 1 and Type 2 (e.g., Hickox et al.
2017). In the MIR region PAH emission from host-galaxy
star-light is stronger in the mean SED of the CT AGN. The
mean SED of the CT AGN shows a stronger FIR bump
compared to the un/obscured mean SEDs. This is consistent
with the more FIR emission observed in type-2 quasars (e.g.,
Hiner et al. 2009; Chen et al. 2015). The far-IR emission is
expected to be formed by the cold-dust emission heated by
star formation. However, as suggested by Hiner et al. (2009)
dust heated by AGN can have a significant contribution to
the far-IR emission. The stronger FIR emission of CT AGN
supports a connection between the AGN obscuration and
host galaxy dust emission.
5.2 Relations Between the Infrared Luminosities
and Ultra Hard X-ray Luminosity
As a result of the SED fitting analysis in §4, we measure
the dust luminosity, Ldust, the pure AGN luminosity in the
IR band, L(IR)AGN and the total IR luminosity L(IR)TOTAL
as the sum of the Ldust and L(IR)AGN. Here we quantify the
relationships between Ldust, L(IR)AGN, L(IR)TOTAL and the
ultra hard X-ray luminosity in the 14-195 keV band. Figure
6 shows the relations between Ldust, L(IR)AGN, L(IR)TOTAL
and L14−195 for unobscured, obscured and CT AGN in our
sample. Clear, positive correlations are seen for Ldust-L14−195
(left panel), L(IR)AGN-L14−195 (middle panel) and L(IR)AGN-
L14−195 (right panel). We determine the significance of the
correlations using Pearson correlation coefficient (r, Pearson
1896). We measure ∼ r = 0.6 with a p-value equal to zero
which indicates a moderately strong correlation for all lumi-
nosities.
To characterise the Ldust -L14−195, L(IR)AGN-L14−195 and
L(IR)TOTAL-L14−195 relationships, we adopt the following pa-
rameterisation:
log(Ldust ) = Adust + αdust log(L14−195) + ǫdust . (1)
log(L(IR)AGN) = AAGN + αAGN log(L14−195) + ǫAGN. (2)
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Figure 5. Obtained mean SEDs of unobscured (panel a), obscured (panel b) and CT (panel c) AGN populations as a result of SED
analysis by CIGALE. In panel (d) the mean SEDs are shown on top of each other. All SEDs are normalised at rest frame 1µm.
log(L(IR)TOTAL) = ATOTAL+αTOTAL log(L14−195)+ǫTOTAL. (3)
where A is the zero point, α is the slope and ǫ is the
estimated scatter. We establish the best-fitting relationships
for both luminosities by the Bayesian regression method of
(Kelly 2007) that accounts for scatter (ǫ) and computes the
posterior probability distributions of the parameters.
For the Ldust -L14−195 relationship the best-fitting pa-
rameters are: Adust= 22.08±3.27, αdust= 0.51±0.07 and
ǫdust= 0.43±0.03. The best-fitting relationship for all sources
is shown as the solid line. The dashed line, which is very
similar to the solid line, shows the best-fitting relation-
ship of obscured and CT AGN. Best-fitting parameters
for L(IR)AGN-L14−195 relationship are: AAGN= 15.50±2.91,
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αAGN= 0.66±0.07 and ǫAGN= 0.53±0.03. The best-fitting
relationship is shown as the solid black line for the unob-
scured, obscured and CT AGN. When we only consider the
obscured and CT AGN we find a slightly shallower slope of
αAGN= 0.58±0.10 as shown by the dashed black line. Best-
fitting parameters for L(IR)TOTAL-L14−195 relationship are:
ATOTAL= 19.35±2.23, αTOT AL= 0.57±0.05 and ǫTOT AL=
0.40±0.02. The best-fitting relationship (dashed line) for
obscured and CT AGN is slightly shallower than that of
the all sources (solid line). The slope of the dashed line is
αTOTAL= 0.52±0.08. The obtained scatter values around the
best-fitting relationships are similar (between 0.4 and 0.5)
for all panels. The Ldust-L14−195 relationship slope is shal-
lower compared to that of L(IR)AGN-L14−195. Since L(IR)AGN
is the pure AGN luminosity and Ldust originates from star-
burst radiation we expect to have different slopes for these
relationships.
The relationship between the AGN mid-IR luminos-
ity and X-ray luminosity has been investigated by previ-
ous studies (e.g., Asmus et al. 2015; Ichikawa et al. 2017,
2019). Ichikawa et al. (2019) decomposed the IR SED of
the 587 AGN in the 70-month Swift/BAT sample into star-
burst and AGN components. They quantified the relation-
ship between the 12µm, mid-IR luminosities and the ultra
hard X-ray luminosity in the 14-195 keV for Swift/BAT 70-
month AGN. When we compare the L(IR)AGN-L14−195 re-
lationship slope with the mid-IR AGN luminosity L14−195
relationship slope values between 0.96-1.06 obtained by
Asmus et al. (2015); Ichikawa et al. (2017, 2019), we ob-
tain a much shallower slope. The obtained shallower slope
in this work might be related to the sample difference.
First of all our AGN sample (158) is much smaller com-
pared to that of Ichikawa et al. (2017, 2019) and therefore
it does not expand to low and high luminosity ranges in
both axis. Especially, our sample do not have any AGN
with log L14−195 > 45.0 and L(IR)AGN < 41.5, therefore we
obtain a shallower slope compared to other studies (e.g.,
Asmus et al. 2015; Ichikawa et al. 2017, 2019) whose sam-
ples include higher L14−195 and lower L(IR)AGN objects. An
other difference that may result in different slope values is
the difference between the measured IR luminosities, while
we have the AGN luminosity in the total IR range previous
works (e.g., Asmus et al. 2015; Ichikawa et al. 2017, 2019)
only consider the mid-IR luminosity. We also note that,
slope values of ∼0.65 (e.g. Netzer 2009; Matsuoka & Woo
2015) and ∼ 0.8 (Ichikawa et al. 2017) are obtained for the
relationship between the far-IR luminosity and the bolomet-
ric AGN luminosity. The obtained αdust= 0.51±0.07 slope
in this work is close to the slope values obtained in these
previous studies.
As shown in Figure 7 we also check the fraction of the
pure AGN luminosity to the hard X-ray luminosity as a
function L(IR)AGN (left panel) and L14−195 (right panel). As
seen in both panels, pure AGN luminosity to the hard X-ray
luminosity fraction of obscured and CT AGN do not show
a clear separation from the unobscured AGN.
The measured L(IR)AGN as a result of the SED fitting
can be used to calculate R = L(IR)AGN/L(BOL)AGN, which is
a good indicator of dust covering factor (e.g. Elitzur 2012).
For comparison we follow Ichikawa et al. (2019) and use a
constant bolometric factor of 8.47 (Ricci et al. 2017b) to ob-
tain L(BOL)AGN. In Figure 8 we show R versus NH in order to
see the differences of covering factors among unobscured, ob-
scured and CT AGN. We find that the median covering fac-
tor of the CT AGN (log(Rct)=0.21) is larger than the median
covering factor of the obscured (log(Robscured)=-0.71) and the
median covering factor of the unobscured (log(Runobscured=-
0.34) AGN. For our sample we see that the median cover-
ing factor of the unobscured AGN is larger than that of
the obscured AGN, however we note that the most ma-
jority of the obscured and unobscured AGN have R val-
ues in a similar range. For a larger sample of Swift/BAT
AGN Ichikawa et al. (2019) found that obscured AGN have
a larger covering factor compared to unobscured AGN. The
found higher covering factor values of the CT AGN is con-
sistent with the result of Ichikawa et al. (2019).
5.3 Infrared colours and luminosities versus NH
Here we investigate if the IR colours depend on the NH.
Near-IR (NIR) photometry is a good tracer of direct-stellar
component, the MIR photometry is a good tracer of AGN
torus and the FIR photometry is a good tracer of host galaxy
dust emission. Therefore, NIR-FIR and MIR-FIR colours
have physically different origins. NIR-FIR colours represent
the energy balance between the direct-stellar versus dust
emission from the host galaxy, while the MIR-FIR colours
give a comparison between the AGN torus versus host dust
emission. We show the observed 1.25µm - 65 µm, 1.25µm -
90 µm, 18 µm - 65 µm, 18 µm - 90 µm, 22 µm - 65 µm, 22
µm - 90 µm colours versus NH in Fig. 9. Since the median
redshift of our sample is 0.02 we do not expect to have a
significant redshift effect in the observed colours. As seen in
Fig. 9 although there is a large scatter for individual colours,
the median 1.25µm - 65 µm, 1.25µm - 90 µm, 18 µm - 65
µm, 18 µm - 90 µm, 22 µm - 65 µm, 22 µm - 90 µm, colours
of the unobscured, obscured and CT AGN show an slightly
increasing trend with NH. We note that we have checked
other colour combinations and see a similar trend for H - 65
µm, H - 90 µm, Ks - 65 µm, Ks - 90 µm, 12 µm- 65 µm and
12 µm- 90 µm. This positive trend indicates that the MIR-
FIR colours gets slightly redder (or cooler) with increasing
NH values.
We have also investigated the L(IR)AGN dependence on
the NH value. As seen in the left panel of Fig. 10, while
unobscured, and obscured AGN have a similar distribution
CT-AGN have higher L(IR)AGN values. The right panel of
Fig. 10 shows that the infrared luminosity produced by the
torus ,L(IR)AGN(torus), is higher for CT-AGN.
5.4 Obscured/Compton-thick AGN selection by
IR colours
We check many different colour-colour combinations includ-
ing, optical, NIR, MIR and FIR, however we mostly find
that CT AGNs distribute over a wide colour range similar
to obscured and unobscured AGNs. In one particular colour-
colour diagram with 9 µm - 22 µm versus 22 µm - 90 µm
colours (Fig. 11) we find a distinct colour region which is
mostly occupied by CT AGNs. This region is shown by the
black dashed lines in Fig. 11. In this figure the unobscured,
obscured and CT AGNs are shown as the grey triangles,
black squares and red circles, respectively. The blue contours
MNRAS 000, 1–18 (2020)
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Figure 6. Relations between the 14-195 keV hard X-ray luminosity and Ldust (left panel), the pure AGN luminosity in the IR band,
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Figure 7. L(IR)AGN to L14−195 fraction as a function of L(IR)AGN (left panel) and L14−195 (right panel). See Fig. 6 for the symbol code.
are the 699 IR galaxies selected from the AKARI IR Galaxy
catalogue of Kilerci Eser & Goto (2018) that have a similar
redshift range of z ≤ 0.13. We define the [9µm − 22µm] > 2.0
and [22µm − 90µm] < 2.7 as a new selection criteria for CT
AGNs. The [22µm − 90µm] colour separates AGN among IR
galaxies, AGN have blue 22 µm - 90 µm colours. This is ex-
pected from the shallower slope of the Ldust and L(IR)AGN
relationship (section 5.2.), considering the AGN IR emis-
sion traced by 22 µm and dust luminosity traced by 90
µm luminous AGN should give bluer [22µm − 90µm] colours.
AKARI /IRC S9W band cover silicate absorption feature
at 9.7µm. As shown by Shi et al. (2006) the strength of
9.7µm absorption increases with higher NH. Therefore, the
[9µm−22µm] colour is expected to be related to deep silicate
absorption feature seen in heavily obscured AGN. 22µm is a
measure of the MIR continuum. Once a source has a deep
Silicate absorption, it will a have a fainter 9µm and a larger
difference in the [22µm − 90µm] colour. In Fig. 11 we have
four CT AGN (NGC6240, NGC7479, NGC6552, NGC5643)
that is used to define [9µm − 22µm] > 2.0 colour range.
Stierwalt et al. (2013) represent Spitzer Infrared Spectro-
graph (IRS, Houck et al. 2004) spectra covering 5-38µm
of NGC6240. According to their silicate depth and MIR
slope measurements, NGC6240 shows a strong silicate ab-
sorption with a steep MIR slope. Stone et al. (2016) mea-
sure the strength of the 9.7µm silicate feature of NGC7479
from Spitzer MIR spectra. According to their measurements,
NGC7479 has a strong silicate absorption feature. Shi et al.
(2006) present Spitzer IRS spectrum of NGC5643, measure a
deep silicate absorption feature. Spitzer low-resolution IRS-
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Figure 8. R = L(IR)AGN/L(BOL)AGN versus NH. See Fig. 6 for the
symbol code. The black symbols represent the median R values in
each NH bin with the x-axis error bar showing the range of the NH
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with 68.2% of the unobscured, obscured and GT AGN samples.
LL spectrum of NGC6552 shows a rising MIR continuum
between 15-35 µm (Jarrett et al. 2011). The Spitzer spec-
trum of NGC6552 do not cover 9µm range, therefore we
do not have a measure for its silicate absorption strength.
The MIR spectral measurements of NGC6240, NGC7479
and NGC5643 show evidence for relatively faint 9µm and
relatively bright 22µm giving higher [9µm − 22µm] colours.
We apply this criteria to the AKARI IR galaxy cat-
alogue of Kilerci Eser & Goto (2018) and find 3 new CT
AGNs candidates. These candidates are shown as cyan di-
amonds in Fig. 11. As a first step, we justify the nature of
the CT AGN candidates based on the available public data
sets and previous studies. The properties of the CT AGN
candidates selected from the AKARI IR galaxy catalogue
of Kilerci Eser & Goto (2018) is summarised in Table 4.
NGC1614 is a well observed local LIRG. Its earlier
X-ray observations with ASCA suggest the presence of an
AGN based on the well fitted power-law in the 2-10 keV
band (Risaliti et al. 2000). Although the weak hard X-
ray emission indicates a Compton-thick AGN at the first
place, the multi-wavelength observations in sub-millimetre
(Xu et al. 2015), radio (Herrero-Illana et al. 2017) and
X-rays (Pereira-Santaella et al. 2011; Herrero-Illana et al.
2014) do not support this. Xu et al. (2015) found that
the amount of nuclear molecular gas and dust is much
lower than that predicted for CT AGNs. According to
Pereira-Santaella et al. (2011); Herrero-Illana et al. (2014)
the hard and soft X-ray emission of this source can
be explained by star-formation. As pointed out by
(Pereira-Santaella et al. 2015), in case of a CT AGN the
predicted 14-195 keV flux would be above the Swift/BAT
survey sensitivity limit. Therefore, the non-detection of
this source in the Swift/BAT survey (Oh et al. 2018) sup-
ports that it is not an CT AGN. Based on the current
multi-wavelength available data we consider it as an un-
likely/uncertain CT AGN candidate. But we caution that
NGC1614 has not been observed with NuSTAR yet, and its
high energy nature is still a subject for investigation.
NGC4418 is a LIRG with a known dust embedded nu-
clear CT source. The nature of this source has been subject
to many observations at different wavelengths and the pres-
ence of a CT AGN is highly favoured. Infrared observations
(Roche et al. 1986; Spoon et al. 2001; Roche et al. 2015) of
NGC4418 show a deep silicate absorption at 10 µm and in-
dicate a very heavily obscured, CT AGN. Submillimeter ob-
servations of NGC4418 at high spatial resolution are also
consistent with the presence of a CT AGN (Sakamoto et al.
2013). It’s Chandra/Advanced CCD Imaging Spectrometer
(ACIS) observations show a flat hard X-ray spectrum and
imply the presence of a CT AGN, but due to the limited
photon statistics this identification is considered as tenta-
tive (Maiolino et al. 2003). As pointed out by Roche et al.
(2015), the non-detection of NGC4418 by Swift/BAT sur-
vey (Baumgartner et al. 2013; Koss et al. 2013) is probably
due to the extremely high levels of obscuration.
NGC7714 is a well observed galaxy with a compact star-
burst nuclei (e.g., Gonzalez-Delgado et al. 1995; Smith et al.
2005). Smith et al. (2005) studied the X-ray emission from
NGC7714 with Chandra/ACIS. They report that the spec-
trum of the nuclear region can be fitted to a MEKAL func-
tion or an absorbed power-law function with a column den-
sity of NH = 2.2 × 10
21 cm−2. Therefore, NGC7714 possibly
hosts an unobscured AGN.
This investigation shows us that our new colour selec-
tion criteria is successful to find at least one confirmed CT
AGN. Since 9 µm - 22 µm colour of NGC4418 is 3.32, we
consider to take [9µm−22µm] > 3.0 as a more reliable region
that would avoid unobscured AGN selection. When we apply
[9µm−22µm] > 3.0 and [22µm−90µm] < 2.7 as a criteria for a
larger sample of combined AKARI and WISE sources with-
out any selection criteria we find 341 candidates. These can-
didates are shown as the grey dots in Fig. 11. We investigate
the nature of these 341 candidates in astronomical databases
such as HEASARC7, NASA/IPAC Extragalactic Database8
(NED) and SIMBAD9 (Wenger et al. 2000). We find that
most of these sources are Galactic IR sources such as young
stellar objects (YSOs), asymptotic giant branch (AGB)
stars, Planetary Nebulae (PNe) and H ii and star-forming
regions. Among these 341 sources only 3 (IRAS06190+1040,
IRAS21144+5430, Mrk34) are classified as a galaxy in the
searched databases. Mrk34 is found to be a already known
CT AGN in the literature (Gandhi et al. 2014). However,
while IRAS06190+1040 is classified as a galaxy in NED it
is classified as a Galactic star cluster by Froebrich (2017).
IRAS21144+5430 is also classified as a galaxy in SDSS, but
it is also classified as a H ii region in SIMBAD. We also note
that, IRAS06190+1040 and IRAS21144+5430 do not have
archived X-ray observations for further investigation. We
7 https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
8 http://nedwww.ipac.caltech.edu/.
9 http://simbad.u-strasbg.fr/simbad/.
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Figure 9. Infrared colour dependence on NH. The black symbols represent the median colours in each NH bin. Median 1.25µm - 65 µm,
1.25µm - 90 µm, 18 µm - 65 µm, 18 µm - 90 µm, 22 µm - 65 µm, 22 µm - 90 µm colours show an increasing trend with NH.
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Figure 10. L(IR)AGN (left) and L(IR)AGN(torus) (right) versus NH. Compared to the unobscured and obscured AGN, median L(IR)AGN and
L(IR)AGN(torus) luminosities are higher for CT-AGN (black circle).
Table 4. Properties of the CT AGN candidates. Columns: (1) Object name. (2) RA of the optical counterpart. (3) DEC of the optical
counterpart. (4) Spectroscopic redshift of the optical counterpart. (5) [9µm - 22µm] colour. (6) [22µm - 90µm] colour. (7) Base 10
logarithm of the total infrared luminosity between 8 -1000µm. (8) Base 10 logarithm of the intrinsic Hydrogen column density in units
of cm−2. (9) X-ray reference for the adopted NH value in column (8). (10) Our comment about the Compton-thick AGN candidate.
Name RA Dec z [9µm - 22µm] [22µm - 90µm] log(LI R/L⊙) log(NH) X-ray Comment
(J2000.0) (J2000.0) [AB] [AB] Ref.
(deg) (deg) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC1614 68.500 -8.579 0.016 2.04 2.03 11.60 21.58 Pereira-Santaella et al. (2011) uncertain AGN
NGC4418 186.727 -0.877 0.007 3.32 2.08 10.94 > 24 Maiolino et al. (2003) CT AGN
NGC7714 354.058 2.155 0.009 2.06 1.83 10.72 21.34 Smith et al. (2005) unobscured AGN
find 3 sources that are classified as IR sources with X-ray ob-
servations, these are WISEA J162015.92-505621.8, 2MASS
J16344841-4732432 and Allwise J181724.72-170628.1. X-ray
observation of WISEA J162015.92-505621.8 show a weak X-
ray source, but the quality of the available data does not
allow for a reliable spectral analysis to measure NH. The
available X-ray data of 2MASS J16344841-4732432 does not
show a X-ray source. In the X-ray observation of Allwise
J181724.72-170628.1 we identify a very weak X-ray source,
the low S/N of the data does not allow to obtain a spectral
fit. Based on the available X-ray data we can not confirm if
these sources are CT AGN. However, all of these 3 sources
are close to Galactic plane, and therefore they can also be
Galactic IR sources.
6 CONCLUSIONS
We have analysed the broad-band SEDs of 68 unobscured,
65 obscured and 25 CT AGN from the UV to the far-IR
by combining data from GALEX, SDSS, 2MASS, WISE,
AKARI and Herschel surveys. We have constrained the pa-
rameters of the AGN component based on the AGN model
Fritz et al. (2006). We have investigated a possible IR colour
selection criteria for CT AGN based on AKARI and WISE
photometric magnitudes and found a new promising colour
selection criteria. The results of this work can be summarised
as follows:
(i) The most important parameters to identify ob-
scured/CT AGN from the SED analysis with CIGALE are
the angle between equatorial axis and line of sight ψ, angular
opening angle of the torus, θ. SED models with ψ = 0.001◦
or ψ = 10.0◦, and θ = 140 , are very likely to indicate an
obscured or a CT AGN.
(ii) The comparison of average SEDs of the tree AGN
populations show that the mid-IR SEDs are similar, the op-
tical/UV region of the obscured/CT AGN is dominated by
the host galaxy emission, and in the far-infrared region CT
AGN show a stronger emission.
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Figure 11. AKARI−WISE colours of X-ray selected AGNs
with 9, 22, and 90 µm detections. The grey triangles are un-
obscured AGNs, the black squares are obscured AGNs and the
red circles are Compton-thick AGNs. The blue contours rep-
resent 699 IR galaxies from AKARI IR Galaxy catalogue of
Kilerci Eser & Goto (2018) within the z ≤ 0.13 limit that have
detections at 9, 22, and 90 µm bands. Cyan diamonds repre-
sent the three CT AGN candidates selected from AKARI IR
galaxy catalogue of Kilerci Eser & Goto (2018) based on the
[9µm − 22µm] > 2.0 and [22µm − 90µm] < 2.7 selection criteria.
(iii) We identify 27 strong AGN luminosity dominated
sources among the unobscured, obscured and CT AGN
based on the f racAGN obtained by the SED fitting. These
represent AGN luminosity dominated UV to FIR SEDs. We
find that while unobscured and obscured AGN have a sim-
ilar f racAGN distribution, CT AGN have higher f racAGN
values.
(iv) We find a moderately strong correlation luminos-
ity correlations between Ldust-L14−195, L(IR)AGN-L14−195 and
L(IR)AGN-L14−195. We quantify the relationships between
these separated IR luminosities and the ultra hard X-ray lu-
minosity for the hard X-ray selected AGN from Swift-BAT
105-month survey catalogue.
(v) We compare average covering factor (R =
L(IR)AGN/L(BOL)AGN) for unobscured, obscured and
CT. We show that CT AGN have larger covering factors
compared to the obscured and unobscured AGN.
(vi) We show that the median 1.25µm - 65 µm, 1.25µm -
90 µm, 18 µm - 65 µm, 18 µm - 90 µm, 22 µm - 65 µm, 22 µm
- 90 µm colours of the unobscured, obscured and CT AGN
have an increasing trend with NH. We show that MIR-FIR
colours have a tendency to become redder (or cooler) with
increasing NH.
(vii) We find that CT AGN have higher L(IR)AGN and
L(IR)AGN(torus) compared to obscured and unobscured AGN.
(viii) We present a new CT AGN selection criteria as 9−
22 > 3.0 and 22− 90 < 2.7. As a result of this criteria we find
two known CT AGN (NGC4418 and Mrk34) that are not
included in Swift-BAT sample. Due to the limited number
of sources detected in 9µm we could not find any new CT
AGN. We conclude that MIR photometric bands covering
9.7µm silicate absorption and MIR continuum can be used
as a new tool to select the most heavily obscured CT AGN.
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APPENDIX A: X-RAY SPECTRAL ANALYSIS
For XMM -Newton (Jansen et al. 2001) we mostly used
EPIC-pn camera data. Only for ESO450-16 we used both
EPIC-pn and EPIC-MOS data. We calibrated the data us-
ing SAS v15.0.0 (Gabriel et al. 2004) and the calibration files
as of 01/01/2019 using epproc package. We extracted source
spectra using a circular region with a radius of about 32
arcsec. We extracted the background spectra from a nearby
(located on the same CCD) uncontaminated larger circular
region. Response and ancillary response files are generated
using the rmfgen and arfgen tools.
For one source we used Chandra/ACIS (Weisskopf et al.
2000; Garmire et al. 2003) data. Chandra data were reduced
using CIAO v.4.9 (Fruscione et al. 2006) following standard
procedures. We used chandra repro task to reprocess the
data. The spectra were extracted using specextract tool from
a circular aperture of 10 arcsec radius. Background spectra
were extracted using a larger source free nearby circular re-
gion.
We performed X-ray spectral fitting using the XSPEC
V. 12.10.1 software (Arnaud 1996). We adopted Verner
cross-section (Verner et al. 1996) and Wilm abundance
(Wilms et al. 2000) in TBABS model to account for the
Galactic absorption. Intrinsic absorption also modelled with
TBABS. We grouped all spectra to have at least 50 counts
per channel (only for 2MASX J08384815+0407340 we used
40 counts) and used χ2 statistics. We fit the X-ray spectra in
the 0.4 - 9.0 keV energy range, only in a few cases we had to
narrow the used energy range due to the source brightness as
shown in Fig. A1. In order to measure the intrinsic NH value
the spectra are fitted using a single power-law modified by
Galactic absorption plus an intrinsic absorption at the red-
shift of each source. During the spectral fitting process the
power-law normalisation and the intrinsic column density
were always left as free parameters. For 2MASXJ16510578-
0129258, CGCG081-001 and MCG+00-58-028 the slope of
the power-law was left as a free parameter. As shown by
Marchesi et al. (2018) fixing the photon index to the typ-
ical AGN value of Γ ∼ 1.7 in low-quality 2 keV-10keV
spectra gives better intrinsic NH measurements. Therefore,
for 2MASXJ08384815+0407340, IC-588, ESO439-G009, and
NGC5940 we fixed photon index to Γ = 1.7 or Γ = 1.8. For
ESO450-16 we limited the slope of the power-law between
1.0 and 2.0, for this source fixing Γ to be 1.7 does not give
a statistically acceptable fit. For these sources when neces-
sary, we also added a Gaussian line to the power-law model
in order to obtain a better fit result. For IC-588, ESO439-
G009 and NGC5940 we used the additional mekal model
(Mewe et al. 1985) to model the soft X-rays below 1 keV.
The obtained spectral parameters from the spectral fitting
are listed in Table A1. We show the best-fitting Chandra
and XMM -Newton X-ray spectra in Figure A1. As a re-
sult of our analysis we classify 2MASXJ08384815+0407340,
IC-588, 2MASXJ16510578-0129258, MCG+00-58-028 as ob-
scured AGN and ESO439-G009, NGC5940, ESO450-16,
CGCG081-001 as unobscured AGN.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. The best-fitting spectra of AGN observed with XMM -Newton and Chandra. For seven sources we use XMM -Newton
EPIC-pn data and only for ESO450-16 we used both EPIC-pn and EPIC-MOS (shown in red) data.
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Figure A1 – continued
Table A1. X-ray spectral analysis results. Columns: (1) Object name. (2) X-ray facility. (3) Galactic NH. (4) Measured intrinsic NH.
(5) Temperature kT in keV of the mekal component. (6) Line energy of the simple gaussian profile in keV. (7) Power-law photon index.
(8) Reduced chi-squared (degrees of freedom).
Source Facility NH Gal NH int kT Line energy Γ χ
2 (d.o.f)
name (1020 cm−2) (1022 cm−2) (keV) (keV)
(1) (2) (3) (4) (5) (6) (7) (8)
2MASXJ08384815+0407340 Chandra 2.68 5.092.61
0.90
0.200.90
2.45
1.7 1.20 (12)
IC-588 XMM -Newton 1.71 2.88 0.5
1.90
0.080.01
0.08
1.7 4.34 (51)
ES0439-G009 XMM -Newton 5.44 ≤ 0.01 0.680.07
0.05
6.400.17
0.15
1.7 1.88 (21)
NGC5940 XMM -Newton 3.95 ≤ 0.01 0.230.01
0.01
1.8 1.70 (555)
ESO450-16 XMM -Newton 7.46 ≤ 0.01 6.400.15
0.21
2.00.2
0.2
1.65 (558)
CGCG081-001 XMM -Newton 4.43 ≤ 0.01 1.83 0.16
0.15
1.14 (171)
2MASXJ16510578-0129258 XMM -Newton 7.80 5.391.01
0.96
1.50 0.23
0.22
0.93 (38)
MCG+00-58-028 XMM -Newton 3.92 3.290.12
0.12
1.59 0.04
0.04
1.63 (327)
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